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METHOD FOR FORMING RRAM WITH A
BARRIER LAYER

REFERENCE TO RELATED APPLICATION

This application 1s a Divisional of U.S. application Ser.

No. 16/434,414, filed on Jun. 7, 2019 (now U.S. Pat. No.
10,950,784, 1ssued on Mar. 16, 2021), the contents of which

are hereby incorporated by reference in their entirety.

BACKGROUND

Many modern day electronic devices include non-volatile
memory. Non-volatile memory 1s electronic memory that 1s
able to store data in the absence of power. Some promising
candidates for the next generation of non-volatile memory
include resistive random-access memory (RRAM). RRAM
has a relatively simple structure and 1s compatible with
complementary metal-oxide-semiconductor (CMOS) logic
fabrication processes.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice 1n the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarty of
discussion.

FIG. 1 illustrates a cross-sectional view of some embodi-
ments of a resistive random-access memory (RRAM) cell
comprising a barrier layer.

FIGS. 2A and 2B illustrate cross-sectional views of some
embodiments of the RRAM cell of FIG. 1 while respectively
dissolving a metal filament and forming the metal filament.

FI1G. 3 illustrates a cross-sectional view of some embodi-
ments of the RRAM cell of FIG. 1 1n which the barrier layer
1s a multilayer film.

FIGS. 4A-4F illustrate cross-sectional views of various
embodiments of the RRAM cell of FIG. 1 mn which the
RRAM cell 1s 1n an interconnect structure of an integrated
circuit chip.

FIGS. 5A and 5B 1illustrate cross-sectional views of some
embodiments of RRAM cells 1n which the RRAM cells
comprise 1ndividual barrier layers and are integrated with
individual one-transistor one-resistor (1T1R) cells.

FI1G. 6 1llustrates a top layout of some embodiments of the
integrated circuit chip of FIGS. 5A and 3B.

FIGS. 7-17 illustrate cross-sectional views of some
embodiments of a method for forming RRAM cells com-
prising individual barrier layers and integrated with 1T1IR
cells.

FI1G. 18 1llustrates a block diagram of some embodiments
of the method of FIGS. 7-17.

FIGS. 19-23 illustrate a series of cross-sectional views of
some alternative embodiments of the method of FIGS. 7-17
in which the method 1s performed with RRAM-cell embodi-
ments 1 FIG. 4F.

FI1G. 24 1llustrates a block diagram of some embodiments
of the method of FIGS. 19-23.

DETAILED DESCRIPTION

The present disclosure provides many diflerent embodi-
ments, or examples, for implementing different features of
this disclosure. Specific examples of components and
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arrangements are described below to simplity the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature in the description
that follows may include embodiments 1n which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed between the first and second features, such that the
first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition 1s
for the purpose of simplicity and clarity and does not in 1tself
dictate a relationship between the various embodiments
and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper”’ and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

In some embodiments, a resistive random-access memory
(RRAM) cell comprises a bottom electrode, a switching
layer overlying the bottom electrode, an active metal layer
overlying the switching layer, and a top electrode layer
overlying the active metal layer. During formation of the
RRAM cell, a forming voltage with a positive polarity 1s
applied from the top electrode to the bottom electrode. The
forming voltage induces oxidation of metal 1n the active
metal layer and hence leads to metal cations. Further, an
clectric field from the forming voltage causes the metal
cations to migrate towards the bottom electrode. Beginning
at the bottom electrode, the metal cations are reduced to
gradually grow a metal filament extending from the bottom
clectrode to the top electrode. During operation of the
RRAM cell, areset voltage with a negative polarity and a set
voltage with the positive polarity are applied from the top
clectrode to the bottom electrode to respectively reset the
switching layer to a high resistance state (HRS) and to set
the switching layer to a low resistance state (LRS). The reset
voltage reverses the aforementioned forming process to
partially dissolve the metal filament, whereas the set voltage
reforms the metal filament according to the aforementioned
forming process.

In at least embodiments in which the active metal layer 1s
or comprises aluminum, endurance may be poor. The resis-
tance diflerence between the HRS and the LRS will degrade
with more and more set/reset cycles until the HRS and LRS
are substantially the same. Such degradation results from
more metal cations entering the switching layer while tran-
sitioning to the LRS than leaving the switching layer while
transitioming to the HRS. Over time, this builds up the metal
filament and 1t becomes more and more dithcult to transition
to the HRS within predefined timing constraints and/or
predefined operating voltages. As a result, the HRS and LRS
eventually become substantially the same and the RRAM
cell eventually fails.

Various embodiments of the present application are
directed towards an RRAM cell comprising a barrier layer to
constrain the movement of metal cations during operation of
the RRAM cell. In some embodiments, the RRAM cell
further comprises a bottom electrode, a switching layer, an
active metal layer, and a top electrode. The switching layer,
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the barrier layer, and the active metal layer are stacked
between the bottom electrode and the top electrode. The
barrier layer overlies the switching layer, and the active
metal layer overlies the switching layer. Further, the barrier
layer 1s configured to slow movement of metal 10ns through
the barrier layer, from the active metal layer, while switching
from a HRS to a LRS. For example, the barrier layer may
have a lattice constant less than that of the active metal layer.
As another example, the barrier layer may have a density
greater than that of the active metal layer.

By arranging the barrier layer between the switching and
active metal layers, switching cycling reliability (i.e., endur-
ance) may be increased. For example, where the active metal
layer 1s or comprises aluminum, a tantalum or tantalum
nitride barrier laver may reduce the number of metal cations
entering the switching layer while transitioning to the LRS.
Other material(s) 1s/are, however, amenable. By reducing
the number of metal cations entering the switching layer,
build-up of the metal filament over time 1s slower and hence
switching cycling reliability (i.e., endurance) 1s increased.

Additionally, by arranging the barrier layer between the
switching and the active metal layers, forming, set, and reset
voltages may be decreased. For example, where the barrier
layer comprises tantalum or titanium nitride and the switch-
ing layer comprises nitrogen or oxygen, the tantalum or
tantalum nitride may migrate to the switching layer and may
react with the nitrogen or oxygen. Other material(s) 1s/are,
however, amenable. The migration and reaction may
increase leakage and may hence decrease the forming, set,
and reset voltages. For example, the forming voltage may
decrease by about 30% or some other suitable percentage.
By decreasing the forming, set, and reset voltages, power
consumption may be decreased. Further, the number of
forming fail bits may be decreased.

With reference to FIG. 1, a cross-sectional view 100 of
some embodiments of an RRAM cell 102 comprising a
barrier layer 104 1s provided. As discussed 1n greater detail
hereafter, the barrier layer 104 constrains movement of

metal cations (not shown) during set and reset operations of
the RRAM cell 102 to enhance endurance of the RRAM cell

102. The RRAM cell 102 may, for example, be integrated
with other devices 1n an integrated circuit (IC) chip and/or
may, for example, be a cation-type RRAM cell or some other
suitable type of RRAM cell. Note that cation-type RRAM
cells are sometimes referred to as programmable metalliza-
tion cells (PMCs) or conductive-bridging random-access
memory (CBRAM) cells.

A bottom electrode 106, a top electrode 108, a switching
layer 110, and an active metal layer 112 are stacked with the
barrier layer 104 to define the RRAM cell 102. The switch-
ing layer 110 overlies the bottom electrode 106, and the
barrier layer 104 overlies the switching layer 110. Further,
the active metal layer 112 overlies the barrier layer 104, and
the top electrode 108 overlies the active metal layer 112. In
some embodiments, the barrier layer 104 1s or comprise
tantalum or tantalum mitride and the active metal layer 112
1s or comprise aluminum. Other materials are, however,
amenable. For example, the active metal layer 112 may be
copper, silver, or some other suitable metal.

During operation of the RRAM cell 102, a metal filament
114 1n the switching layer 110 is repeatedly formed and
dissolved. While forming the metal filament 114, the active
metal layer 112 oxidizes to form metal cations. Further, the
metal cations migrate through the barrier layer 104 to the
switching layer 110 and reduce into metal atoms 116 defin-
ing the metal filament 114. While dissolving the metal
filament 114, the metal filament 114 oxidizes to form metal

10

15

20

25

30

35

40

45

50

55

60

65

4

cations. Further, the metal cations migrate through the
barrier layer 104 to the active metal layer 112 and reduce
into the active metal layer 112. Forming and dissolving the

metal filament 114 may, for example, respectively change
the RRAM cell 102 to a LRS and a HRS.

By arranging the barrier layer 104 between the switching
and active metal layers 110, 112, switching cycling reliabil-
ity (1.e., endurance) may be increased. For example, the
barrier layer 104 may reduce the number of aluminum

cations entering the switching layer 110 while transitioning
to the LRS. In other words, the barrier layer 104 slows the
rate at which aluminum cations enter the switching layer 110
while transitioning to the LRS (relative to the same RRAM
cell without the barrier layer). By reducing the number of
metal cations entering the switching layer 110, build-up of
the metal filament 114 over time 1s slower and hence
switching cycling reliability (i.e., endurance) 1s increased.
Additionally, by arranging the barrier layer 104 between the
switching and the active metal layers 110, 112, forming, set,
and reset voltages may be decreased. For example, material
from the barrier layer 104 may migrate to the switching layer
110 and may react with the switching layer 110. The
migration and reaction may increase leakage and may hence
decrease the forming, set, and reset voltages. This, 1n turn,
may decrease power consumption and the number of form-
ing fail bits.

The bottom and top electrodes 106, 108 and the active
metal layer 112 are conductive. However, the bottom and top
clectrodes 106, 108 are electrochemically inert compared to
the active metal layer 112. Put another way, the active metal
layer 112 1s electrochemically active compared to the bottom
and top electrodes 106, 108. As a result, the bottom and top
clectrodes 106, 108 have low reactivity with oxygen com-
pared to the active metal layer 112 and hence depend upon
a greater amount of energy to oxidize than the active metal
layer 112. For example, the bottom and top electrodes 106,
108 may depend upon 5 or more electron volts (eV) to
oxidize, whereas the active metal layer 112 may depend
upon 3 or less eV to oxidize. Other €V values are, however,
amenable.

In some embodiments, the bottom electrode 106 and the
top electrode 108 are or comprise, titanium nitride, tantalum
nitride, some other suitable conductive material(s), or any
combination of the foregoing. Further, in some embodi-
ments, the bottom electrode 106 and the top electrode 108
are or comprises platinum and/or some other suitable noble
metal(s). In some embodiments, the bottom electrode 106
and the top electrode 108 have electrode thicknesses T, that
are about 1-10 nanometers (nm), about 1-5 nm, or about
5-10 nm. Other thicknesses are, however, amenable. In some
embodiments, the electrode thicknesses T, are the same. In
other embodiments, the electrode thicknesses T, are difler-
ent. In some embodiments, the active metal layer 112 1s or
comprises aluminum and/or some other suitable metal(s). In
some embodiments, the active metal layer 112 has an
active-metal thickness T __ of about 10-500 nm, about
10-255 nm, or about 255-500 nm. Other thicknesses are,
however, amenable. If the active metal layer 112 is too thin
(e.g., less than about 10 nm or some other suitable value),
the active metal layer 112 may be unable to sufliciently
source metal filaments 1n the switching layer 110. If the
active metal layer 112 1s too thick (e.g., greater than about
500 nm or some other suitable value), voltage drops across
the active metal layer 112 may be high and hence reliability
may be poor. Additionally, or alternatively, if the active
metal layer 112 1s too thick (e.g., greater than about 300 nm
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or some other suitable value), the active metal layer 112 may
make integration with existing processes more diflicult.

The switching layer 110 and the barner layer 104 are
respectively dielectric and conductive. Further, the switch-
ing layer 110 and the barner layer 104 are respectively an
clectrolyte and a barrier for metal cations that result from
oxidation of the active metal layer 112. For example, where
the active metal layer 112 1s or comprises aluminum, the
switching layer 110 and the barrier layer 104 are respec-
tively an electrolyte and a barrier for aluminum cations
resulting from oxidation of the active metal layer 112.

In some embodiments, the switching layer 110 1s or
comprises silicon oxide (e.g., S102), hainium oxide (e.g.,
H1O2), silicon nitride (e.g., S1NXx), aluminum oxide (e.g.,
Al203), zircontum oxide (e.g., ZrO2), some other suitable
dielectric(s), or any combination of the foregoing. In some
embodiments, the switching layer 110 has a switching
thickness T_ or about 1-50 nm, about 1-25 nm, or about
25-50 nm. Other thicknesses are, however, amenable.

In some embodiments, the barrier layer 104 has a smaller
lattice constant and/or a greater density than the active metal
layer 112 so 1t’s more diflicult for metal cations from the
active metal layer 112 to diffuse or otherwise move through
the barrier layer 104. For example, the active metal layer 112
may have a density less than about 5 grams per cubic
centimeter (g/cm3) (e.g., about 2.7 g/cm3 or some other
suitable value), whereas the barrier layer 104 may have a
density greater than about 10 g/cm3 (e.g., about 16.69
g/cm3, about 13.7 g/cm3, or some other suitable value). As
another example, the active metal layer 112 may have a
lattice constant greater than about 385 (e.g., about 404.935 or
some other suitable value), whereas the barrier layer 104
may have a lattice constant less than about 350 (e.g., about
330.13 or some other suitable value). Other density values
and lattice constant values are, however, amenable. By
making 1t more diflicult to for metal cations to move through
the barrier layer 104, the rate at which the metal cations
move through the barrier layer 104 1s reduced relative to the
same RRAM cell without the barnier layer 104. In some
embodiments, the barrier layer 104 1s or comprises tantalum,
tantalum nitride, some other suitable barrier material(s), or
any combination of the foregoing.

In some embodiments, the barrier layer 104 has a barrier
thickness Tbh of about 1-10 nm, about 1-5 nm, or about 5-10
nm. Other thicknesses are, however, amenable. 11 the barrier
layer 104 1s too thin (e.g., less than about 1 nm or some other
suitable value), the barrier layer 104 may be unable to slow
migration of metal cations through the barrier layer 104 and
may hence be unable to enhance endurance of the RRAM
cell 102. On the other hand, 11 the barrier layer 104 1s too
thick (e.g., more than 10 nm or some other suitable value),
the barrier layer 104 may completely block or overly slow
migration ol metal cations through the barrier layer 104,
thereby preventing switching between the LRS and the HRS
and/or changing operation of the RRAM cell 102. For
example, the RRAM cell 102 may change to defect-type
RRAM, from cation-type RRAM, and may hence have
different electrical and performance characteristics. As
another example, a forming voltage may be overly high,
thereby 1ncreasing power consumption and the likelihood of
tailure. Additionally, or alternatively, 1f the barrier layer 104
1s too thick (e.g., 10 nm or some other suitable value), the
barrier layer 104 may make integration with existing pro-
cesses more dithcult. In some embodiments, a ratio of the
barrier thickness Tb to the active-metal thickness T 1s
about 1:1-500, about 1:1-250, about 1:250-500, or some

other suitable ratio. Further, in some embodiments a ratio of
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the barrier thickness Tb to the switching thickness T 1s
about 1:0.1-50, about 1:0.1-25, about 1:0.5-50, or some

other suitable ratio. In some embodiments, a total thickness
variation (I'TV) of the barrier layer 104 1s less than about 1
angstrom, 2 angstroms, or some other suitable value. TTV 1s
the difference between a maximum value of the barrier
thickness Tb and a minimum value of the barrier thickness
Tb. It the TTV 1s too large (e.g., greater than about 2
angstroms or some other suitable value), electric field uni-
formity across the RRAM cell 102 may be low. This, 1n turn,
may decrease bulk manufacturing vields for the RRAM cell

102 and/or may degrade performance of the RRAM cell 102.

Additionally, or alternatively, 1f the TTV 1s too large (e.g.,
greater than about 2 angstroms or some other suitable value),
portions of the barrier layer 104 may be too thin (e.g., less
than about 1 nm or some other suitable value). As noted
above, the barrier layer 104 may be unable to slow migration
of metal cations through the barrier layer 104 1f the barrier
layer 104 1s too thin.

With reference to FIG. 2A, a cross-sectional view 200A of
some embodiments of the RRAM cell 102 while resetting
the RRAM cell 102 to a HRS 1s provided. A reset voltage
with a negative polarity 1s applied from the top electrode 108
to the bottom electrode 106. For example, a positive voltage
1s applied to the bottom electrode 106 while the top electrode
108 1s grounded. The reset voltage induces oxidation of the
metal filament 114, beginning at a top of the metal filament
114 and extending towards a bottom of the metal filament
114. As the oxidation proceeds, metal atoms 116 of the metal
filament 114 are converted to metal cations 202. Further, the
clectric field produced by the reset voltage causes the metal
cations 202 to migrate to the active metal layer 112, through
the barrier layer 104, and to reduce into metal atoms of the
active metal layer 112. Accordingly, the metal filament 114
1s dissolved over time, beginming at the barrier layer 104 and
extending to the bottom electrode 106.

With reference to FIG. 2B, a cross-sectional view 200B of
some embodiments of the RRAM cell 102 while setting the
RRAM cell to a LRS 1s provided. A set voltage with a
positive polarity 1s applied from the top electrode 108 to the
bottom electrode 106. For example, a positive voltage 1s
applied to the top electrode 108 while the bottom electrode
106 1s grounded. The set voltage induces oxidation of the
active metal layer 112 and hence converts metal atoms of the
active metal layer 112 to metal cations 202. Further, the
clectric field produced by the set voltage causes the metal
cations 202 to migrate towards the bottom electrode 106,
through the barrier layer 104, and to reduce into the metal
atoms 116 defining the metal filament 114. The metal cations
202 reduce into the metal atoms 116 at a top of the metal
filament 114 if present and reduce into the metal atoms 116
at a top of the bottom electrode 106 11 the metal filament 114
1s not yet present. Accordingly, the metal filament 114 grows
over time, beginning at the bottom electrode 106 and extend-
ing to the barrier layer 104.

In some embodiments, including the barrier layer 104
reduces the number of metal cations 202 migrating into the
switching layer 110, and/or reduces the migration rate nto
the switching layer 110, during the setting of FIG. 2B. Such
embodiments may, for example, arise when the barrier layer
104 1s or comprise tantalum or tantalum mitride and the
active metal layer 112 1s or comprises aluminum. Other
materials are, however, amenable. By reducing the number
of metal cations 202 migrating into the switching layer 110,
the metal filament 114 may be thinner and endurance may be

enhanced.
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The number of metal cations 202 migrating into the
switching layer 110 during the setting of FIG. 2B may be
greater than the number of metal cations 202 migrating out
of the switching layer 110 during the resetting of FIG. 2A.
Over time, this may lead to enlargement of the metal
filament 114 1n the LRS, whereby it may be become more
and more diflicult to transition to the HRS within predefined
timing constraints and/or predefined operating voltages. Due
to this enlarging of the metal filament, the HRS and the LRS
eventually converge and the RRAM cell 102 eventually
tails. Including the barrier layer 104 reduces the number of
metal cations 202 migrating into and out of the switching
layer 110, thereby increasing the time before failure and
hence increasing endurance of the RRAM cell 102.

With relerence to FIG. 3, a cross-sectional view 300 of
some embodiments of the RRAM cell 102 of FIG. 1 1s
provided in which the barrier layer 104 1s a multilayer film.
In some embodiments, the barrier layer 104 comprises a
lower barrier layer 1041 and an upper barrier layer 104
overlying the lower barrier layer 1041. The lower barrier
layer 1041 may, for example, be or comprise tantalum,
whereas the upper barrier layer 104u may, for example, be

or comprise tantalum nitride, or vice versa. Other materials
are, however, amenable.

With reference to FIG. 4A, a cross-sectional view 400A of
some embodiments of the RRAM cell 102 of FIG. 1 1s
provided 1n which the RRAM cell 102 1s in an interconnect

structure 402 of an integrated circuit chip and the bottom
clectrode 106 of the RRAM cell 102 has a T-shaped profile.

The RRAM cell 102 underlies a top-electrode wire 404¢ and
a top-electrode via 4067 and further overlies a bottom-
clectrode wire 4045.

The top-electrode via 4067 extends downward from the
top-electrode wire 404¢ to the top electrode 108. In some
embodiments (as 1illustrated), the top-electrode via 4061
extends through a hard mask 408 atop the top electrode 108.
In alternative embodiments, the hard mask 408 1s omitted.
The hard mask 408 may be or comprise, for example, silicon
nitride and/or some other suitable dielectric(s). In some
embodiments, the top-electrode via 4067 and the top-elec-
trode wire 404¢ are different materials and/or are indepen-
dent of each other. In alternative embodiments, the top-
clectrode via 4067 and the top-electrode wire 4047 are the
same material and/or are integrated together. The top-elec-
trode wire 404¢, the bottom-electrode wire 4045, and the
top-electrode via 406 may be or comprise, for example,
copper, aluminum copper, some other suitable metal(s), or
any combination of the foregoing.

The bottom electrode 106 protrudes downward to the
bottom-electrode wire 4045b, thereby defining a bottom-
clectrode via 410 and electrically coupling the bottom
clectrode 106 to the bottom-electrode wire 4045. The bottom
clectrode 106 comprises a bottom-electrode body 1065 and
a bottom-e¢lectrode liner 106/ cupping an underside of the
bottom-electrode body 106b. In some embodiments, the
bottom-electrode liner 106/ 1s an adhesion layer to enhance
deposition of a layer from which the bottom-electrode body
1065 1s formed. Further, in some embodiments, the bottom-
clectrode liner 106/ 1s a diffusion barrier to prevent material
of the bottom-electrode wire 4045 from diffusing to the
bottom-electrode body 106b. The bottom-electrode liner
106/ may be or comprise, for example, tantalum nitride,
titanium mitride, tantalum, some other suitable material(s),
or any combination of the foregoing. The bottom-electrode
body 1060 may be or comprise, for example, platinum
and/or some other suitable conductive material(s).
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In alternative embodiments, the bottom-electrode liner
106/ 1s omitted. In such alternative embodiments, the bottom
clectrode 106 may be a single conductive material through-
out an entirety of the bottom electrode 106. For example, the
bottom electrode 106 may be or comprise tantalum nitride,
titanium nitride, some other suitable conductive material(s),
or any combination of the foregoing. Forming the bottom
clectrode 106 of a single conductive material improves
flatness along a top surface of the bottom electrode 106
when the bottom electrode 106 1s formed using a chemical
mechanical polish (CMP) since the bottom electrode 106 has
a single hardness throughout and hence a single removal rate

throughout. This, 1n turn, 1improves electric field uniformity

across the RRAM cell 102.

A dielectric structure surrounds the RRAM cell 102, as
well as the top-electrode wire 404z, the top-electrode via
4061, and the bottom-electrode wire 40456. The dielectric
structure comprises the hard mask 408 along a top surface of

the top electrode 108 and further comprises a sidewall
spacer structure 412 on sidewall(s) of the RRAM cell 102.

The sidewall spacer structure 412 1s on opposite sides of the
RRAM cell 102 and may be or comprise, for example,
silicon nitride and/or some other suitable dielectric(s). In
some embodiments the hard mask 408 and the sidewall
spacer structure 412 are or comprise the same material.
Additionally, the dielectric structure comprises a plurality of
intermetal dielectric (IMD) layers 414, a via dielectric layer
416, an etch stop layer 418, and an IMD liner 420.

The IMD layers 414 respectively surround the bottom-
clectrode wire 4045 and the top-electrode wire 404¢, and the
via dielectric layer 416, the etch stop layer 418, and the IMD
liner 420 are stacked between the IMD layers 414. The via
dielectric layer 416 surrounds the bottom-electrode via 410,
between the RRAM cell 102 and the bottom-electrode Wire
404b. The etch stop layer 418 covers the via dielectric layer
416 and wraps around a top of the RRAM cell 102 along the
sidewall spacer structure 412 and the hard mask 408. The
IMD liner 420 lines a top of the etch stop layer 418 and
separates the etch stop layer 418 from a neighboring one of
the IMD layers 414. The IMD layers 414 may be or
comprise, for example, a extreme low k dielectric and/or
some other suitable dielectric(s). The etch stop layer 418
and/or the via dielectric layer 416 may be or comprise, for
example, silicon carbide and/or some other suitable dielec-
tric(s). The IMD liner 420 may be or comprise, for example,
tetracthyl orthosilicate (TEOS) oxide and/or some other
suitable dielectric(s).

With reference to FIG. 4B, a cross-sectional view 400B of
some alternative embodiments of the RRAM cell 102 of
FIG. 4A 1s provided 1n which the sidewall spacer structure
412 overlies the barrier layer 104. Further, the sidewall
spacer structure 412 lines sidewalls respectively of the
active metal layer 112 and the top electrode 108, but not
sidewalls respectively of the barrier layer 104, the switching
layer 110, and the bottom electrode 106.

With reference to FIG. 4C, a cross-sectional view 400C of
some alternative embodiments of the RRAM cell 102 of
FIG. 4B 1s provided 1n which the sidewall spacer structure
412 further lines sidewall(s) of the barrier layer 104.

With reference to FIG. 4D, a cross-sectional view 400D of
some alternative embodiments of the RRAM cell 102 of
FIG. 4A 1s provided in which the RRAM cell 102 1s indented
at the bottom-electrode via 410 and 1s without the bottom-
clectrode liner 106/ (see FIG. 4A). In alternative embodi-
ments, the RRAM cell 102 further includes the bottom-
clectrode liner 106/ at the bottom-electrode via 410.
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With reference to FIG. 4E, a cross-sectional view 400E of
some alternative embodiments of the RRAM cell 102 of
FIG. 4A 1s provided 1n which the bottom-electrode via 410
1s omitted and the RRAM cell 102 1s directly on the
bottom-¢clectrode wire 4045. Further, the bottom and top
clectrodes 106, 108, the barnier layer 104, the switching
layer 110, and the active metal layer 112 have U-shaped
profiles and several features 1 FIG. 4A are omitted.
Amongst these omitted features are the sidewall spacer
structure 412, the hard mask 408, the etch stop layer 418,
and the IMD liner 420. As seen hereatter, the RRAM cell
102 may be formed with a single photolithography/etching
process, thereby reducing costs. In alternative embodiments,
the bottom and top electrodes 106, 108, the barrier layer 104,
the switching layer 110, and the active metal layer 112 have
a V-shaped profile or some other suitable profile.

With reference to FIG. 4F, a cross-sectional view 400F of
some alternative embodiments of the RRAM cell 102 of
FIG. 4A 1s provided in which a top surface of the bottom-
clectrode liner 106/ 1s recessed relative to a top surface of the
via dielectric layer 416 by a distance D. As seen hereafter,
recessing the top surface of the bottom-electrode liner 106/
may allow increased planarity at a top surface of the bottom
clectrode 106 and hence may allow increased electric field
uniformity across the RRAM cell 102.

While FIGS. 4A-4F are 1illustrated using embodiments of
the RRAM cell 102 1n FIG. 1, embodiments of the RRAM
cell 102 1n FIG. 3 may be alternatively be used. That 1s to
say, the barrier layer 104 of FIGS. 4A-4F may be a multi-
layer film as illustrated in FIG. 3.

With reference to FIG. 5A, a cross-sectional view S00A of
some embodiments of RRAM cells 102 1s provided 1n which
the RRAM cells 102 comprise individual barrier layers 104

and are integrated with individual one-transistor one-resistor
(1T1R) cells 502 1n an integrated circuit chip. The RRAM

cells 102 may, for example, each be as their counterpart 1n
FIG. 4A 1s illustrated and described. The 1TIR cells 502
comprise individual drain regions 304 and individual drain-
side conductive paths 3506.

The drain regions 504 are doped regions of a substrate 508
and have an opposite doping type as a bulk 5086 of the
substrate 508. For example, the drain regions 504 may be
N-type and the bulk 5085 of the substrate 508 may be P type
or vice versa. In alternative embodiments, the drain regions
504 are on a well region (not shown) of the substrate 508 and
have an opposite doping type as the well region. Further, the
drain regions 304 are electrically separated from each other
by a trench 1solation structure 510 and partially define access
transistors 312 (partially shown) used to individually select
the RRAM cells 102. The trench 1solation structure 510
extends 1nto a top of the substrate 508 and comprises silicon
oxide and/or some other suitable dielectric maternial(s). The
trench 1solation structure 510 may, for example, be a shallow
trench 1solation (STI) structure or some other suitable trench
1solation structure. The substrate 508 may, for example, be
a bulk silicon substrate, a silicon-on-insulator (SOI) sub-
strate, or some other suitable semiconductor substrate.

The drain-side conductive paths 506 electrically couple
the drain regions 504 to the bottom electrodes 106 of the
RRAM cells 102. Further, the drain-side conductive paths
506 are defined by the interconnect structure 402, which
comprises a plurality of wires 404 and a plurality of vias
406. The plurality of wires 404 comprises the top-electrode
wires 404t and the bottom-electrode wires 4045. In some
embodiments, the top-electrode wires 404¢ correspond to bit
lines BL that are shared by other RRAM cells (not shown).

The plurality of vias 406 comprises the top-electrode via
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4067, and a level of the vias 406 nearest the substrate 508 1s
in an interlayer dielectric (ILD) layer 514. The wires 404 and
the vias 406 may be or comprise, for example, copper,
aluminum, aluminum copper, titanium, tungsten, titanium
nitride, some other suitable conductive material(s), or any
combination of the foregoing.

A peripheral region 516 to a side of the 1T1R cells 502
accommodates a peripheral device 518 (partially shown).
The peripheral device 518 may, for example, be a metal-
oxide-semiconductor field-eflect transistor (MOSFET) or
some other suitable semiconductor device. Further, the
peripheral device 518 may, for example, be one ol many
other peripheral devices (not shown) at the peripheral region
516. The peripheral device 518 comprises a pair of source/
drain regions 520 (only one of which 1s shown) 1n the
substrate 5308, and further comprises a gate structure (not
shown) between the source/drain regions 520. The source/
drain regions 520 are doped regions in a substrate 508 and
have an opposite doping type as the bulk 5086 of the
substrate 508. In alternative embodiments, the source/drain
regions 520 are on a well region (not shown) of the substrate
508 and have an opposite doping type as the well region.

With reference to FIG. 5B, a cross-sectional view 500B of
some embodiments of the imtegrated circuit chip of FIG. 5A

1s provided along an axis orthogonal to an axis along which
the cross-sectional view S500A of FIG. 5A 1s taken. The

ITIR cells 502 comprise individual RRAM cells 102,
individual drain-side conductive paths 306, individual
access transistors 512, and individual source-side conduc-
tive paths 522. The RRAM cells 102 may, for example, each
be as their counterpart in FIG. 4A 1s illustrated and
described.

The access transistors 512 are on the substrate 508,
between the substrate 508 and the interconnect structure
402. Further, the access transistors 512 are electrically
separated from each other by the trench 1solation structure
510. The access transistors 512 comprise mdividual drain
regions 504, individual source regions 524, individual gate
dielectric layers 526, and individual gate electrodes 528. The
gate electrodes 528 respectively overlie the gate dielectric
layers 526 and define word lines WL. The drain and source
regions 504, 524 are doped regions of the substrate 308 and
have an opposite doping type as the bulk 5085 of the
substrate 508. In alternative embodiments, the drain and
source regions 304, 524 are on a well region (not shown) of
the substrate 508 and have an opposite doping type as the
well region. The drain regions 504 respectively border drain
sides of the gate electrodes 528, and the source regions 524
respectively border source sides of the gate electrodes 528.

The drain-side conductive paths 506 electrically couple
the drain regions 504 to the bottom electrodes 106 of the
RRAM cells 102, and the source-side conductive paths 522
clectrically couple the source regions 524 to source lines SL.
The drain-side and source-side conductive paths 506, 522
are defined by the plurality of wires 404 and the plurality of
vias 406 1n the interconnect structure 402.

While FIGS. SA and 5B are illustrated using RRAM-cell
embodiments 1n FIG. 4A, RRAM-cell embodiments 1n any
one of FIGS. 1, 3, and 4B-4F may alternatively be used. For
example, the RRAM cells 102 of FIGS. 5A and 3B may each
be as illustrated 1n FIG. 4B and may hence have individual
sidewall spacer structures 412 overlying the barrier layers
104.

With reference to FIG. 6, a top layout 600 of some
embodiments of the integrated circuit chip of FIGS. SA and
5B 1s provided. The cross-sectional views 500A, 5008 of

FIGS. 5A and 5B may, for example, respectively be taken
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along lines A and B or other suitable locations. The inte-
grated circuit chip comprises a plurality of RRAM cells 102
in a plurality of rows and a plurality of columns, thereby
defining a RRAM array 602. The RRAM cells 102 may, for
example, be as 1llustrated and described 1n any one of FIGS.
1,3, 4A-4F, 5A, and 5B. Peripheral devices 518 surround the
RRAM array 602 at a peripheral region 516 of the integrated
circuit chip. The peripheral devices 518 may, for example,
be or comprise transistors and/or other suitable semiconduc-
tor device(s). Further, the peripheral devices 318 may, for
example, implement read/write circuitry and/or other suit-
able circuitry for operating the RRAM cells 102.

With reference to FIGS. 7-17, a series of cross-sectional
views 700-1700 of some embodiments of a method for
forming RRAM cells 1s provided 1in which the RRAM cells
comprise individual barrier layers and are integrated with
ITIR cells in an imtegrated circuit chip 1s provided. The
cross-sectional views 700-1700 may, for example, be taken
along line A or some other suitable location i FIG. 6.
Further, the cross-sectional views 700-1700 may, {for
example, correspond to FIG. 5A and hence may, for
example, be as the integrated circuit chip of FIGS. 5A and
5B 1s illustrated and described.

As 1llustrated by the cross-sectional view 700 of FIG. 7,
a trench 1solation structure 510 1s formed extending into a
top of a substrate 508. The trench 1solation structure 510
individually surrounds and demarcates regions of the sub-
strate 508 at which 1TIR cells 502 are being formed.
Further, the trench isolation structure 510 surrounds and
demarcates a peripheral region 516 of the integrated circuit
chip. A process for forming the trench 1solation structure 510
may, for example, comprise: 1) patterning the substrate 508
to form a trench with a top layout of the trench 1solation
structure 510 being formed; and 2) filling the trench with
oxide and/or some other suitable dielectric(s). Other pro-
cesses are, however, amenable.

Also 1llustrated by the cross-sectional view 700 of FIG. 7,
a plurality of semiconductor devices 1s formed on a substrate
508. The plurality of semiconductor devices comprises
access transistors 512 individual to and respectively at 1T1R
cells 502 being formed. Further, the plurality of semicon-
ductor devices comprises a peripheral device 518 at a
peripheral region 516 of the integrated circuit chip. The
access transistors 512 comprise individual drain regions 504
and 1ndividual source regions (not shown) in the substrate
508, overlying a bulk 5085 of the substrate 508. Further, the
access transistors 512 comprise individual gate structures
(not shown). The gate structures have individual drain sides
respectively bordering the drain regions 504 and further
have individual source sides respectively bordering the
source regions. The peripheral device 518 comprises a pair
of source/drain regions 520 (only one of which 1s shown) 1n
the substrate 508, overlying the bulk 5085 of the substrate
508, and further comprises a gate structure (not shown)
between and bordering the source/drain regions 520.

In some embodiments, a process for forming the plurality
ol semiconductor devices comprises: 1) depositing a dielec-
tric layer on the substrate 508; 2) depositing a conductive
layer on the dielectric layer; 3) patterming the dielectric layer
and the conductive layer into gate structures (not shown) for
the access transistors 312 and the peripheral device 518; and
4) doping the substrate 508 to form source/drain regions
adjacent to the gate structures. The source/drain regions
include the drain regions 504 of the access transistors 512,
the source regions (not shown) of the access transistors 512,
and the source/drain regions 520 of the peripheral device
518. Other processes are, however, amenable.
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Also illustrated by the cross-sectional view 700 of FIG. 7,
an 1nterconnect structure 402 1s partially formed over and
clectrically coupled to the semiconductor devices (e.g., the
access transistor 512 and the peripheral device 518). The
interconnect structure 402 comprises a dielectric structure,
and further comprises a plurality of wires 404 and a plurality
of vias 406 stacked 1n the dielectric structure. The dielectric
structure comprises an ILD layer 514 and a plurality of IMD
layers 414 over the ILD layer 514. The plurality of wires 404
comprises a plurality of bottom-electrode wires 4045 along
a top surface of the interconnect structure 402. The bottom-
clectrode wires 4045 are individual to and respectively at the
1'TIR cells 502 being formed. Further, the bottom-electrode
wires 404b are respectively electrically coupled to the drain
regions 504 of the access transistor 512 by underlying wires
and vias.

In some embodiments, a process for partially forming the
interconnect structure 402 comprises: 1) forming a bottom-
most level of the vias 406 by a single damascene process; 2)
forming a bottommost level of the wires 404 by the single
damascene process; and 3) repeatedly performing a dual
damascene process to form additional wire and via levels.
Other processes are, however, amenable. The single dama-
scene process may, for example, comprises: 1) depositing a
portion of the dielectric structure; 2) patterning the deposited
portion of the dielectric structure to form opemings with a
layout for a single level of wires or vias being formed; 3)
depositing a conductive layer in the openings; and 4) per-
forming a chemical mechanmical polish (CMP) into the
conductive layer until a top surface of the conductive layer
1s even with a top surface of the deposited portion of the
dielectric structure. The dual damascene process may, for
example, be as the single damascene process 1s described
except that the patterning at 3) forms openings with a layout
for a level of wires and a level of vias being formed. Other
processes are, however, amenable for the single and dual
damascene processes.

As 1llustrated by the cross-sectional view 800 of FIG. 8,
a via dielectric layer 416 1s formed on the interconnect
structure 402. Note that for drawing compactness, a lower
portion of the mterconnect structure 402 1s omitted herein
and 1n subsequent figures. The via dielectric layer 416 may
be or comprise, for example, silicon carbide and/or some
other suitable dielectric(s). Further, the via dielectric layer
416 may be formed by, for example, vapor deposition and/or
some other suitable deposition process(es).

As 1illustrated by the cross-sectional view 900 of FIG. 9,
the via dielectric layer 416 1s patterned to form via openings
902 individual to and respectively at the 1T1R cells 502
being formed. The via openings 902 extend through the via
dielectric layer 416 and respectively expose the bottom-
clectrode wires 404b. The patterning may, for example, be
performed by: 1) forming a photoresist mask 904 over the
via dielectric layer 416 using photolithography; 2) perform-
ing an etch ito the via dielectric layer 416 with the
photoresist mask 904 1n place; and 3) removing the photo-
resist mask 904. Other processes are, however, amenable.

As 1llustrated by the cross-sectional view 1000 of FIG. 10,
a liner layer 1002 1s deposited over the via dielectric layer
416, lining and partially filling the via openings 902 (see
FIG. 9). Further, a first conductive layer 1004 1s deposited
over the liner layer 1002, covering the liner layer 1002 and
filling the via openings 902. In some embodiments, the liner
layer 1002 1s an adhesion layer to enhance adhesion of the
first conductive layer 1004 to the via dielectric layer 416.
Further, in some embodiments, the liner layer 1002 1s a
diffusion-barrier for material of the bottom-electrode wires
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4045. The liner layer 1002 may, for example, be or comprise
tantalum nitride, titanmium nitride, or some other suitable
material. The first conductive layer 1004 has a low reactivity
to oxygen and 1s or comprises tungsten and/or some other
suitable material(s). Such a low-reactivity material may, for
example, be a material depending upon 5 eV or more to react
with oxygen. The liner layer 1002 and/or the first conductive
layer 1004 may be formed by, for example, vapor deposition
and/or some other suitable deposition process(es).

As 1llustrated by the cross-sectional view 1100 of FIG. 11,
a planarization 1s performed into the liner layer 1002 (see
FIG. 10) and the first conductive layer 1004 (see FIG. 10).
The planarization forms bottom-electrode liners 106/ and
first bottom-electrode body segments 106561 in the wvia
openings 902 (see FIG. 9). The bottom electrode-electrode
liners 106/ respectively underlie and cup the first bottom-
clectrode body segments 10651. Further, the bottom-elec-
trode liners 106/ and the first bottom-electrode body seg-
ments 10601 define bottom-electrode vias 410 respectively
in the via openings 902. The planarization may, for example,
be a CMP and/or some other suitable planarization.

Also 1llustrated by the cross-sectional view 1100 of FIG.
11, a second conductive layer 1102 is deposited over the
bottom-electrode vias 410 and the via dielectric layer 416.
The second conductive layer 1102 has a low reactivity to
oxygen. Such a low-reactivity material may, for example, be
a material depending upon 5 €V or more to react with
oxygen. Further, the second conductive layer 1102 may be
or comprise the same material as the first conductive layer
1004 (see FIG. 10) and/or some other suitable low-reactivity
material(s). The second conductive layer 1102 may be
formed by, for example, vapor deposition and/or some other
suitable deposition process(es).

As 1llustrated by the cross-sectional view 1200 of FI1G. 12,
a switching layer 1202, a barrier layer 1204, an active metal
layer 1206, a third conductive layer 1208, and a hard mask
layer 1210 are deposited over the second conductive layer
1102. The switching layer 1202 overlies the second conduc-
tive layer 1102, the barrier layer 1204 overlies the switching,
layer 1202, the active metal layer 1206 overlies the barrier
layer 1204, the third conductive layer 1208 overlies the
active metal layer 1206, and the hard mask layer 1210
overlies the third conductive layer 1208. The barrier layer
1204 may, for example, be deposited by physical vapor
deposition (PVD), chemical vapor deposition (CVD),
atomic layer deposition (ALD), or some other suitable
deposition process(es). The active metal layer 1206 may, for
example, be deposited by PVD, CVD, or some other suitable
deposition process(es). The switching layer 1202, the third
conductive layer 1208, and the hard mask layer 1210 may,
for example, be deposited by vapor deposition and/or some
other suitable deposition process(es).

The switching layer 1202 and the barrier layer 1204 are
respectively dielectric and conductive. Further, the switch-
ing layer 1202 and the barrier layer 1204 are respectively an
clectrolyte and a barrier for metal cations that result from
oxidation of the active metal layer 1206. In some embodi-
ments, the barrier layer 1204 has a smaller lattice constant
and/or a greater density than the active metal layer 1206 so
it’s more diflicult for metal cations from the active metal
layer 1206 to move through the barrier layer 1204. Non-
limiting examples are described above with regard to the
barrier layer 104 of FIG. 1. As seen hereaiter, slowing the
migration of metal cations through the barnier layer 120
enhances endurance of RRAM cells formed from the barrier
layer 1204. In some embodiments, the barrier layer 1204 1s
or comprises tantalum, tantalum nitride, some other suitable
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barrier material(s), or any combination of the foregoing. The
barrier layer 1204 may, for example, be as the barrier layer
104 of FIG. 1 1s described.

In some embodiments, the barrier layer 1204 has a barrier
thickness Tb of about 1-10 nm, about 1-5 nm, or about 5-10
nm. Other thicknesses are, however, amenable. If the barrier
layer 1204 1s too thin (e.g., less than about 1 nm or some
other suitable value), the barrier layer 1204 may be unable
to slow migration of metal cations through the barrier layer
1204. On the other hand, 1f the barrier layer 1204 1s too thick
(e.g., more than 10 nm or some other suitable value), the
barrier layer 1204 may completely block or overly slow
migration of metal cations through the barrier layer 1204.
This, 1n turn, may prevent RRAM cells formed from the
barrier layer 1204 from operating and/or may move oper-
ating parameters of the RRAM cells out of specification.
Additionally, or alternatively, 1f the barrier layer 1204 1s too
thick (e.g., 10 nm or some other suitable value), the barrier
layer 1204 may make integration with existing processes
more difficult. In some embodiments, a ratio of the barrier
thickness Tb to an active-metal thickness T, of the active
metal layer 1206 1s about 1:1-500, about 1:1-230, about
1:250-500, or some other suitable ratio. Further, in some
embodiments a ratio of the barrier thickness Tbh to the
switching thickness T, of the switching layer 1202 1s about
1:0.1-50, about 1:0.1-25, about 1:0.5-50, or some other
suitable ratio. In some embodiments, a TTV of the barrier
layer 1204 1s less than about 1 angstrom, 2 angstroms, or
some other suitable value. If the TTV 1s too large (e.g.,
greater than about 2 angstroms or some other suitable value),
clectric field uniformity across RRAM cells formed from the
barrier layer 1204 may be low. This may, 1n turn, decrease
bulk manufacturing yields and/or degrade performance of
the RRAM cells. Additionally, or alternatively, if the TTV 1s
too large (e.g., greater than about 2 angstroms or some other
suitable value), portions of the barrier layer 1204 may be too
thin (e.g., less than about 1 nm or some other suitable value).
As noted above, the barrier layer 1204 may be unable to
slow migration of metal cations through the barrier layer
1204 1f the barrier layer 1204 1s too thin.

The active metal layer 1206 1s electrochemically active
and has a high reactivity to oxygen relative to the third
conductive layer 1208. Such a high-reactivity material may,
for example, be a matenal depending upon 3 eV or less to
react with oxygen. In some embodiments, the active metal
layer 1206 1s or comprises aluminum and/or some other
suitable material(s). The third conductive layer 1208 has a
low reactivity to oxygen compared to the active metal layer
1206. Such a low-reactivity material may, for example, be a
material depending upon 5 €V or more to react with oxygen.
Further, the third conductive layer 1208 may be or comprise
the same material as the second conductive layer 1102, the
same material as the first conductive layer 1004 (see FIG.
10), or some other suitable low-reactivity material(s).

As 1llustrated by the cross-sectional view 1300 of FIG. 13,
the hard mask layer 1210 (see FIG. 12) 1s patterned to form
hard masks 408 individual to and respectively at the 1T1R
cells 502 being formed. As seen herealter, the hard masks
408 individually have patterns for RRAM cells of the 1T1R
cells 502. The patterning may, for example, be performed
by: 1) forming a photoresist mask 1302 over the hard mask
layer 1210 using photolithography; 2) performing an etch
into the hard mask layer 1210 with the photoresist mask
1302 1n place; and 3) removing the photoresist mask 1302.
Other processes are, however, amenable.

As 1llustrated by the cross-sectional view 1400 of FIG. 14,
an etch 1s performed 1nto the second conductive layer 1102
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(see FIG. 13), the switching layer 1202 (see FI1G. 13), the
barrier layer 1204 (see FI1G. 13), the active metal layer 1206
(see FIG. 13), and the third conductive layer 1208 (see FIG.
13) with the hard masks 408 1n place. The etch transfers
patterns of the hard masks 408 to the underlying layers to
form RRAM cells 102 1ndividual to and respectively at the
1TIR cells 302. The RRAM cells 102 comprise individual
top electrodes 108, individual active metal layers 112,
individual barrier layers 104, individual switching layers
110, and individual bottom electrodes 106. The individual
top electrodes 108 are formed from the third conductive
layer 1208, the individual active metal layers 112 are formed
from the active metal layer 1206, the individual barrier
layers 104 are formed from the barrier laver 1204, the
individual switching layers 110 are formed from the switch-
ing layer 1202, and the individual bottom electrodes 106 are
partially formed from the second conductive layer 1102. The
individual bottom electrodes 106 comprise the bottoms-
clectrode liners 106/ and the first bottom-electrode body
segments 1065,. Further, the individual bottom electrodes
106 comprise second bottom-electrode body segments
1065, formed from the second conductive layer 1102.

By arranging the individual barrier layers 104 between the
individual switching and active metal layers 110, 112,
switching cycling reliability may be increased. For example,
where an active metal layer 112 of an RRAM cell 102 1s or
comprises aluminum and a barrier layer 104 of the RRAM
cell 102 1s or comprise tantalum or tantalum nitride, the
barrier layer 104 may reduce the number of aluminum
cations entering the switching layer 110 while setting the
RRAM cell 102. As noted above, filaments 1n the switching
layer 110 build-up and hence thicken (i.e., thicken) over
time. This, 1n turn, eventually leads to failure. By reducing
the number of aluminum cations entering the switching layer
110, the speed with which filaments of the RRAM cell 102
build-up or thicken decreases and hence endurance
Increases.

As 1llustrated by the cross-sectional view 1500 of FI1G. 15,
sidewall spacer structures 412 are formed on sidewalls of the
RRAM cells 102. The sidewall spacer structures 412 may,
for example, be formed by: 1) depositing a first dielectric
layer on the RRAM cells 102; 2) depositing a second
dielectric layer on the first dielectric layer; and 3) etching
back the first and second dielectric layers to remove lateral,
but not vertical, segments of the dielectric layer. Other
processes are, however, amenable. The first dielectric layer
may, for example, be silicon oxide and/or some other
suitable dielectric(s), whereas the second dielectric layer
may, for example, be silicon nitride and/or some other
suitable dielectric(s). Note that hashing of the sidewall
spacer structures 412 1s not varied to illustrate the different
materials.

Also 1llustrated by the cross-sectional view 1500 of FIG.
15, an etch stop layer 418, a IMD liner 420, and an IMD
layer 414 are deposited over the RRAM cells 102 and the
sidewall spacer structures 412. The etch stop layer 418, the
IMD liner 420, and the IMD layer 414 may, for example, be
formed by vapor deposition and/or some other suitable
deposition process(es).

As 1llustrated by the cross-sectional view 1600 of FI1G. 16,
a plurality of additional wires 404 and a plurality of addi-
tional vias 406 are formed over the RRAM cells 102,
recessed into the IMD layer 414 above the RRAM cells 102.
The plurality of additional wires 404 comprises top-elec-
trode wires 4047 respectively overlying the RRAM cells
102, and the plurality of additional vias 406 comprises
top-electrode vias 406¢ extending from the top-electrode
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wires 404¢ to the RRAM cells 102. The forming may, for
example, comprise: 1) patterning the IMD layer 414, the
ctch stop layer 418, and the IMD liner 420 to form openings
for the additional wires 404 and the additional vias 406; 2)
depositing a conductive layer in the openings; and 3) per-
forming a CMP 1nto the conductive layer until a top surface
of the conductive layer 1s even with the IMD layer 414.
Other processes are, however, amenable.

As 1llustrated by the cross-sectional view 1700 of FIG. 17,
metal filaments 114 individual to and respectively in the
switching layers 110 are formed. The forming may, for
example, comprise applying a forming voltage across each
of the RRAM cells 102. For example, the bottom electrodes
106 of the RRAM cells 102 may be grounded while the top
clectrodes 108 are biased. Other processes for forming the
metal filaments 114 are, however, amenable. In some
embodiments, by arranging the individual barrier layers 104
between the individual switching and active metal layers
110, 112, the forming voltage 1s decreased. For example, the
forming voltage may be reduced about 20-40%, about
20-30%, about 30-40%, about 30%, or some other suitable
value. Other percentages are, however, amenable. By
decreasing the forming voltage, power consumption 1s
reduced and forming fail bits are reduced.

While FIGS. 7-17 are described with reference to a
method, 1t will be appreciated that the structures shown in
FIGS. 7-17 are not limited to the method but rather may
stand alone separate of the method. While FIGS. 7-17 are
described as a series of acts, 1t will be appreciated that the
order of the acts may be altered in other embodiments. While
FIGS. 7-17 illustrate and describe as a specific set of acts,
some acts that are illustrated and/or described may be
omitted 1n other embodiments. Further, acts that are not
illustrated and/or described may be included 1n other
embodiments. While FIGS. 7-17 illustrate the method with
embodiments of the RRAM cells 102 1n FIG. SA, alternative
embodiments of the method may be performed with embodi-
ments of the RRAM cells 102 in any one or combination of
FIGS. 4A-4F.

In some embodiments, to perform the method with
embodiments of the RRAM cells 102 1in FIG. 4B, the etch at
FIG. 14 stops at the barrier layer 1204. This forms the
individual top electrodes 108 and the individual active metal
layers 112, examples of each are shown in FIG. 4B. The
sidewall spacer structures 412 are then formed as described
at FIG. 15. Further, an additional etch 1s selectively per-
formed into the barrier layer 1204, the switching layer 1202,
and the second conductive layer 1102 using the hard masks
408 and the sidewall spacer structures 412 as a mask. The
additional etch 1s performed between the forming of the
sidewall spacer structures 412 at FIG. 15 and the depositing
of the etch stop layer 418 at FIG. 15. The additional etch
forms the individual barrier layers 104, the individual
switching layers 110, and the individual bottom electrodes
106, examples of each are shown in FIG. 4B. After the
additional etch, the method proceeds as described above
from the depositing of the etch stop layer 418 at FIG. 185.

In some embodiments, the method 1s performed with
embodiments of the RRAM cells 102 at FIG. 4C 1n the same
manner as described above for embodiments of the RRAM
cells 102 at FIG. 4B, except the etch at FIG. 14 stops on the
switching layer 1202. In some embodiments, the method 1s
performed with embodiments of the RRAM cells 102 at
FIG. 4D by omitting the acts at FIG. 10 and by omuitting the
planarization at FI1G. 11.

In some embodiments, to perform the method with

embodiments of the RRAM cells 102 1n FIG. 4F, an etch
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back 1s performed between the depositing of the liner layer
1002 at FIG. 10 and the depositing of the first conductive
layer 1004. The etch back forms the bottom-electrode liners
106/ with top surfaces recessed relative to a top surface of
the via dielectric layer 416. An example of such a bottom-
electrode liner 106/ 1s shown 1n FIG. 4F. After the etch back,
the method proceeds as described above from the depositing,
of the first conductive layer 1004. Because the top surfaces
of the bottom-electrode liners 106/ are recessed, the planar-
ization at FIG. 11 does not reach the bottom-electrode liners
106/ and top surfaces of the bottom-electrode vias 410 have
a single hardness. Because the top surfaces of the bottom-
clectrode vias 410 have a single hardness, the planarization
1s more uniform at the top surfaces of the bottom-electrode
vias 410 and an electric field produced by the bottom-
clectrode vias 410 1s more uniform.

With reference to FIG. 18, a block diagram 1800 of some
embodiments of the method of FIGS. 7-17 1s provided.

At 1802, an interconnect structure 1s partially formed over
a substrate, where the interconnect structure comprises a
bottom-electrode wire. See, for example, FIG. 7.

At 1804, a via dielectric layer 1s formed over the inter-
connect structure. See, for example, FIG. 8.

At 1806, a bottom-clectrode via 1s formed extending
through the via dielectric layer to the bottom-electrode wire.
See, for example, FIGS. 9-11.

At 1808, a multilayer memory film 1s formed on the via
dielectric layer and the bottom-electrode via, where the
multilaver memory film comprises a switching layer, an
active metal layer, and a barrier layer between the switching
and active metal layers. See, for example, FIG. 12.

At 1810, the multilayer memory film 1s patterned to form
a memory cell overlying and electrically coupled to the
bottom-¢lectrode wire. See, for example, FIGS. 13 and 14.

At 1812, the interconnect structure 1s completed around
the memory cell. See, for example, FIGS. 15 and 16.

At 1814, a forming voltage 1s applied across the memory
cell to form a metal filament 1n the switching layer, where
the barrier layer slows migration of metal cations from the
active metal layer to the switching layer while forming the
metal filament. See, for example, FIG. 17.

While the block diagram 1800 of FIG. 18 1s i1llustrated and
described herein as a series of acts or events, it will be
appreciated that the illustrated ordering of such acts or
cvents 1s not to be interpreted in a limiting sense. For
example, some acts may occur in different orders and/or
concurrently with other acts or events apart from those
illustrated and/or described herein. Further, not all 1llustrated
acts may be required to implement one or more aspects or
embodiments of the description herein, and one or more of
the acts depicted herein may be carried out in one or more
separate acts and/or phases.

With retference to FIGS. 19-23, a series of cross-sectional
views 1900-2300 of some alternative embodiments of the
method of FIGS. 7-17 1s provided in which the method 1s
performed with embodiments of the RRAM cells 102 1n
FIG. 4F. As with the cross-sectional views 700-1700 of
FIGS. 7-17, the cross-sectional views 1900-2300 may, for
example, be taken along line A or some other suitable
location in FIG. 6

As 1llustrated by the cross-sectional view 1900 of FI1G. 19,
an interconnect structure 402 is partially formed. The inter-
connect structure 402 comprises a dielectric structure, a
plurality of wires 404, and a plurality of vias (not shown).
The dielectric structure comprises a plurality of IMD layers
414 and further comprises a via dielectric layer 416 between
the IMD layers 414. Further, the wires 404 and the vias are
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alternatingly stacked in the dielectric structure to define
conductive paths. The interconnect structure 402 may, for
example, be partially formed as illustrated and described 1n
FIG. 7.

Note that only an upper portion of the interconnect
structure 402 1s 1illustrated for drawing compactness. A
remainder of the interconnect structure 402 may, for
example, be as illustrated in FIG. 7. Further note that even
though not shown, the interconnect structure 402 overlies
and 1s electrically coupled to a substrate and semiconductor
devices. The substrate and/or the semiconductor devices
may, for example, be as illustrated at FIG. 7. Further, the
substrate and/or the semiconductor devices may, for
example, be formed as described at FIG. 7.

As 1llustrated by the cross-sectional view 2000 of FIG. 20,
the via dielectric layer 416 and the IMD layer 414 atop the
via dielectric layer 416 are patterned to form memory-cell
openings 2002 individual to and respectively at the 1T1R
cells 502 being formed. The patterning may, for example, be
performed by: 1) forming a photoresist mask 2004 using
photolithography; 2) performing an etch 1nto the via dielec-
tric layer 416 and the IMD layer 414 with the photoresist
mask 2004 1n place; and 3) removing the photoresist mask
2004. Other processes are, however, amenable.

As 1llustrated by the cross-sectional view 2100 of FIG. 21,
a first conductive layer 2102, a switching layer 1202, a
barrier layer 1204, an active metal layer 1206, and a second
conductive layer 2104 are deposited lining the memory-cell
openings 2002 (see FIG. 20). The first and second conduc-
tive layers 2102, 2104 have a low reactivity to oxygen
relative to the active metal layer 1206. Such a low-reactivity
material may, for example, be a material depending upon 5
¢V or more to react with oxygen. The switching layer 1202,
the barrier layer 1204, and the active metal layer 1206 may,
for example, be as described with regard to FIG. 12.

The barnier layer 1204 may, for example, be deposited by
PVD, CVD, ALD, or some other suitable deposition
process(es). The active metal layer 1206 may, for example,
be deposited by PVD, CVD, or some other suitable depo-
sition process(es). The switching layer 1202, the first con-
ductive layer 2102, and the second conductive layer 2104
may, for example, be deposited by vapor deposition and/or
some other suitable deposition process(es).

As 1llustrated by the cross-sectional view 2200 of FIG. 22,
a planarization 1s performed into the first conductive layer
2102 (see FIG. 21), the switching layer 1202 (see FIG. 21),
the barrier layer 1204 (see FIG. 21), the active metal layer
1206 (see FIG. 21), and the second conductive layer 2104
(see FIG. 21) to form RRAM cells 102 individual to and
respectively at the 1T1IR cells 502. The RRAM cells 102
comprise individual top electrodes 108, individual active
metal layers 112, individual barrier layers 104, individual
switching layers 110, and individual bottom electrodes 106.
The individual top electrodes 108 are formed from the
second conductive layer 2104, the individual active metal
layers 112 are formed from the active metal layer 1206, the
individual barrier layers 104 are formed from the barrier
layer 1204, the individual switching layers 110 are formed
from the switching layer 1202, and the individual bottom
clectrodes 106 are formed from the first conductive layer
2102. The planarization may, for example, be or comprise a
CMP or some other suitable planarization.

Because the planarization transfers a pattern from the
selective etching of FIG. 20 to the various layers of the
RRAM cells 102, the RRAM cells 102 may be formed by a
single photolithography/etching process. This 1s in contrast
to the multiple photolithography/etching processes used to
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form the RRAM cells 102 at FIGS. 7-17. By reducing the
number of photolithography/etching processes, costs are
reduced.

As 1llustrated by the cross-sectional view 2300 of FIG. 23,
an IMD layer 414 1s deposited over the RRAM cells 102.

The IMD layer 414 may, for example, be formed by vapor
deposition and/or some other suitable deposition
process(es).

Also 1llustrated by the cross-sectional view 2300 of FIG.

23, a plurality of additional wires 404 and a plurality of
additional vias 406 are formed over the RRAM cells 102,

recessed 1nto the IMD layer 414 above the RRAM cells 102.
The plurality of additional wires 404 and the plurality of
additional wvias 406 may, for example, be formed as

described at FIG. 16.

Also 1llustrated by the cross-sectional view 2300 of FIG.
23, metal filaments 114 individual to and respectively 1n the
switching layers 110 are formed. The forming may, for

example, be performed as described at FIG. 17.

While FIGS. 19-23 are described with reference to a
method, 1t will be appreciated that the structures shown in
FIGS. 19-23 are not limited to the method but rather may
stand alone separate of the method. While FIGS. 19-23 are
described as a series of acts, 1t will be appreciated that the
order of the acts may be altered in other embodiments. While
FIGS. 19-23 illustrate and describe as a specific set of acts,
some acts that are illustrated and/or described may be
omitted, and acts that are not illustrated and/or described
may be included, in other embodiments.

With reference to FIG. 24, a block diagram 2400 of some
alternative embodiments of the method of FIGS. 19-23 is
provided.

At 2402, an interconnect structure 1s partially formed over
a substrate, where the interconnect structure comprises a
bottom-electrode wire. See, for example, FIG. 19.

At 2404, a via dielectric layer and an IMD layer are
formed stacked over the interconnect structure. See, for
example, FIG. 19.

At 2406, the via dielectric layer and the IMD layer are
patterned to form a memory-cell opening overlying and
exposing the bottom-electrode wire. See, for example, FIG.
20.

At 2408, a multilayer memory film 1s formed on the IMD
layer and filling the memory-cell opening, where the mul-
tilayer memory film comprises a switching layer, an active
metal layer, and a barrier layer between the switching and
active metal layers. See, for example, FIG. 21.

At 2410, a planarization 1s performed 1nto the multilayer
memory film until a top surface of the multilayer memory
f1lm 1s about even with a top surface of the IMD layer. See,
for example, FIG. 22.

At 2412, the mterconnect structure 1s completed around
the memory cell. See, for example, FIG. 23.

At 2414, a forming voltage 1s applied across the memory
cell to form a metal filament 1n the switching layer, where
the barrier layer slows migration of metal cations from the
active metal layer to the switching layer while forming the
metal filament. See, for example, FIG. 23.

While the block diagram 2400 of F1G. 24 1s illustrated and
described herein as a series of acts or events, it will be
appreciated that the illustrated ordering of such acts or
events 1s not to be interpreted in a limiting sense. For
example, some acts may occur in different orders and/or
concurrently with other acts or events apart from those
illustrated and/or described herein. Further, not all illustrated
acts may be required to implement one or more aspects or
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embodiments of the description herein, and one or more of
the acts depicted herein may be carried out 1n one or more
separate acts and/or phases.

In some embodiments, the present application provides an
integrated chip including: a substrate; and a RRAM cell
overlying the substrate, wherein the RRAM cell includes a
bottom electrode and a top electrode, and further includes a
switching layer, a barrier layer, and an active metal layer
stacked between the bottom and top electrodes, wherein the
barrier layer 1s conductive and between the switching and
active metal layers, and wherein the barrier layer has a
lattice constant less than that of the active metal layer. In
some embodiments, the active metal layer includes alumi-
num, and wherein the barrier layer includes tantalum. In
some embodiments, the barrier layer has a greater density
than the active metal layer. In some embodiments, the active
metal layer includes a majority element, wherein the inte-
grated chip includes a conductive filament 1n the switching
layer, and wherein the conductive filament consists essen-
tially of the majority element. In some embodiments, the
conductive filament extends upward from the bottom elec-
trode and terminates at a location spaced below the barrier
layer. In some embodiments, the barrier layer and the active
metal layer respectively have a barrier width and an active
metal width, wherein the barrier width 1s greater than the
active metal width. In some embodiments, the integrated
chip further includes: a wire; and a via dielectric layer
overlying the wire, wherein the barrier layer overlies a top
surface of the via dielectric layer and has an indent at the
wire, wherein the indent extends to a location below the top
surface of the via dielectric layer. In some embodiments, the
bottom and top electrodes and the barrier layer each have a
U-shaped profile.

In some embodiments, the present application provides an
integrated chip including: a bottom electrode; a dielectric
layer overlying the bottom electrode; a barrier layer over-
lying the dielectric layer, wherein the barrier layer includes
tantalum; an aluminum layer overlying the barrier layer; and
a top electrode overlying the aluminum layer; wherein the
bottom and top electrodes, the dielectric layer, the barrier
layer, and the aluminum layer define a memory cell. In some
embodiments, the barrier layer consists essentially of tanta-
lum. In some embodiments, the integrated chip further
includes an aluminum filament 1n the dielectric laver,
wherein the aluminum filament extends upward from the
bottom electrode to the barrier layer. In some embodiments,
the barrier layer includes: a tantalum layer; and a tantalum
nitride layer overlying the tantalum layer. In some embodi-
ments, the mtegrated chip further includes: a wire underly-
ing the bottom electrode; and a via dielectric layer between
the wire and the memory cell, wherein the bottom electrode
has a T-shaped profile overlying the via dielectric layer and
protruding through the via dielectric layer to the wire. In
some embodiments, the bottom electrode includes: a con-
ductive body; and a conductive liner cupping an underside
of the conductive body, wherein a top surface of the con-
ductive liner 1s recessed relative to a top surface of the via
dielectric layer.

In some embodiments, the present application provides a
method including: depositing a bottom electrode layer over
and electrically coupled to a conductive wire; depositing a
dielectric layer over the bottom electrode layer; depositing a
conductive barrier layer over the dielectric layer; depositing
a metal layer over the conductive barrier layer, wherein the
metal layer has a smaller density than the conductive barrier
layer; depositing a top electrode layer over the metal layer,
wherein the top electrode layer has low reactivity with
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oxygen relative to the metal layer; and patterning the bottom
and top electrode layers, the dielectric layer, the conductive
barrier layer, and the metal layer to form a memory cell. In
some embodiments, the method further includes applying a
forming voltage across the memory cell, wherein the apply-
ing results 1 a migration ol metal cations through the
conductive barrier layer, from the metal layer to the dielec-
tric layer, and wherein the conductive barrier layer slows a
rate at which the metal cations migrate through the conduc-
tive barrier layer while the forming voltage 1s applied. In
some embodiments, the patterming includes: forming a mask
over the top electrode layer; and performing an etch into the
top electrode layer and the metal layer with the mask in
place. In some embodiments, the etch stops on the conduc-
tive barrier layer, and wherein the patterning further
includes: forming a sidewall spacer structure on sidewalls of
the mask; and performing a second etch 1nto the conductive
barrier layer, the dielectric layer, and the bottom electrode
layer with the mask and the sidewall spacer structure in
place. In some embodiments, the method further includes:
depositing a second dielectric layer covering the conductive
wire; and patterning the second dielectric layer to form an
opening overlying and exposing the conductive wire,
wherein the bottom and top electrode layers, the dielectric
layer, the conductive barrier layer, and the metal layer are
deposited covering the second dielectric layer and lining the
opening, and wherein the patterning of the bottom and top
clectrode layers, the dielectric layer, the conductive barrier
layer, and the metal layer includes a planarization into the
bottom and top electrode layers and the conductive barrier
layer. In some embodiments, the method further includes:
depositing a second dielectric layer covering the conductive
wire; patterning the second dielectric layer to form an
opening overlying and exposing the conductive wire; depos-
iting a second bottom electrode layer covering the second
dielectric layer and filling the opeming; and performing a
planarization into the second bottom electrode layer,
wherein the bottom electrode layer 1s deposited over the
second bottom electrode layer and the second dielectric
layer after the planarization.

The foregoing outlines features of several embodiments
so that those skilled 1n the art may better understand the
aspects of the present disclosure. Those skilled 1n the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A method comprising;

depositing a bottom electrode layer over and electrically

coupled to a conductive wire;

depositing a dielectric layer over the bottom electrode

layer;

depositing a conductive barrier layer over the dielectric

layer;

depositing a metal layer over the conductive barrier layer,

wherein the metal layer has a smaller density than the
conductive barrier layer;

depositing a top electrode layer over the metal layer,

wherein the top electrode layer has low reactivity with
oxygen relative to the metal layer; and
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patterning the bottom and top electrode layers, the dielec-
tric layer, the conductive barrier layer, and the metal
layer to form a memory cell.

2. The method according to claim 1, further comprising:

applying a forming voltage across the memory cell,

wherein the applying results 1n a migration of metal
cations through the conductive barrier layer, from the
metal layer to the dielectric layer, and wherein the
conductive barrier layer slows a rate at which the metal
cations migrate through the conductive barrier layer
while the forming voltage 1s applied.

3. The method according to claim 1, wherein the pattern-
Ing Comprises:

forming a mask over the top electrode layer; and

performing an etch into the top electrode layer and the

metal layer with the mask 1n place.

4. The method according to claim 3, wherein the etch
stops on the conductive barrier layer, and wherein the
patterning further comprises:

forming a sidewall spacer structure on sidewalls of the

mask; and

performing a second etch into the conductive barrier

layer, the dielectric layer, and the bottom electrode
layer with the mask and the sidewall spacer structure 1n
place.

5. The method according to claim 1, further comprising:

depositing a second dielectric layer covering the conduc-

tive wire; and

patterning the second dielectric layer to form an opening

overlying and exposing the conductive wire, wherein
the bottom and top electrode layers, the dielectric layer,
the conductive barrier layer, and the metal layer are
deposited covering the second dielectric layer and
lining the opening, and wherein the patterning of the
bottom and top electrode layers, the dielectric layer, the
conductive barrier layer, and the metal layer comprises
a planarization into the bottom and top electrode layers
and the conductive barrier layer.

6. The method according to claim 1, further comprising:

depositing a second dielectric layer covering the conduc-

tive wire;

patterning the second dielectric layer to form an opening

overlying and exposing the conductive wire;
depositing a second bottom electrode layer covering the
second dielectric layer and filling the opeming; and
performing a planarization nto the second bottom elec-
trode layer, wherein the bottom electrode layer 1s
deposited over the second bottom electrode layer and
the second dielectric layer after the planarization.

7. The method according to claim 1, wherein the dielectric
layer directly contacts the bottom electrode layer at an
interface, and wherein the bottom electrode layer comprises
metal at the interface.

8. A method comprising:

depositing a memory film over a substrate, wherein the

memory film comprises a bottom electrode layer, a
switching layer over the bottom electrode layer, a
barrier layer over the switching layer, and an 1on-source
layer over the barnier layer;

patterning the memory film to form a memory cell; and

sequentially performing a plurality of set-reset cycles on

the memory cell, wherein each of the set-reset cycles
extends a conductive filament 1n the switching layer
and partially dissolves the conductive filament, wherein
a si1ze of the conductive filament increases as a number
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of performed set-reset cycles increases, and wherein
the barrier layer decreases a rate at which the size
1ncreases.

9. The method according to claim 8, wherein the barrier
layer comprises tantalum, wherein the conductive filament
and the 1on-source layer consist essentially of a common
metal element, and wherein the common metal element 1s
aluminum.

10. The method according to claim 8, wherein the con-
ductive filament 1s spaced from the barrier layer at a begin-
ning of formation of the conductive filament and gradually
grows towards the barrier layer during formation of the
conductive filament.

11. The method according to claim 8, wherein each of the
set-reset cycles extends the conductive filament to the bar-
rier layer, and wherein each of the set-reset cycles partially
dissolves the conductive filament to space the conductive
filament from the barrier layer.

12. The method according to claim 8, wherein extension
of the conductive filament during a first set-reset cycle of the
plurality of set-reset cycles comprises:

applying a voltage across the memory cell, wherein the

voltage mduces formation of 1ons by oxidation of the
ion-source layer and further induces migration of the
ions from the ion-source layer to the switching layer.

13. The method according to claim 8, wherein partial
dissolution of the conductive filament during a first set-reset
cycle of the plurality of set-reset cycles comprises:

applying a voltage across the memory cell, wherein the

voltage mnduces formation of 1ons by oxidation of the
conductive filament and further induces migration of
the 10ns from the switching layer to the ion-source
layer.

14. The method according to claam 8, wherein the
memory 1ilm comprises a top electrode layer over the
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ion-source layer, and wherein the top electrode layer 1is
clectrochemically 1nert compared to the 1on-source layer.

15. A method comprising:

forming a resistive random-access memory (RRAM) cell,

wherein the RRAM cell comprises a bottom electrode
and a top electrode, and further comprises a switching
layer, a barrier layer, and an active metal layer stacked
between the bottom and top electrodes, and wherein the
barrier layer 1s conductive and between the switching
and active metal layers; and

applying a voltage across the RRAM cell to form a

conductive filament 1n the switching layer and from
metal 10ns, wherein the applying induces formation of
the metal 10ns from the active metal layer and further
induces migration of the metal 1ons to the switching
layer;

wherein a rate at which the metal 10ns migrate towards the

switching layer 1s greater at the active metal layer than
at the barrier layer.

16. The method according to claim 135, wherein the metal
ions form by oxidation of the active metal layer and have a
positive charge.

17. The method according to claim 15, wherein a lattice
constant of the barrier layer 1s less than that of the active
metal layer.

18. The method according to claim 15, wherein the
conductive filament forms directly contacting the bottom
clectrode.

19. The method according to claim 15, wherein material
of the barrier layer migrates into the switching layer and
increases leakage current through the switching layer.

20. The method according to claim 15, wherein the barrier
layer comprises multiple layers having diflerent materials.
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